Summary Verapamil, the prototype calcium channel blocker, reversibly inhibits cell proliferation in many normal and tumour cell lines (Schmidt et al., Cancer Res., 48, 3617, 1988). We The calcium channel blockers have generated much interest in cancer research since the demonstration that at low concentration (5-10Mm) they augment the cytotoxicity of many standard anti-cancer agents in a variety of tumour cell types (Tsuruo et al., 1983a,b; Yalowich & Ross, 1984 Robinson et al., 1985; Ince et al., 1986; Merry et al., 1986) . Verapamil, the prototype calcium channel blocker, enhances the cytotoxic effects of both vincristine and adriamycin in vitro as well as in vivo in cells previously resistant to these drugs (Tsuruo et al., 1981 (Tsuruo et al., , 1983a . Although the precise mechanism of this increased cytotoxic effect is not completely understood, the calcium channel blockers are thought to act by blocking efflux of the chemotherapeutic agents from the cell (Tsuruo et al., 1982) .
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At higher concentrations (10-100yM), verapamil by itself reversibly inhibits cell growth in several human cell lines (Schmidt et al., 1988) . Protein synthesis, DNA synthesis and RNA synthesis are all inhibited within minutes of addition of OO M verapamil to the cells; removal of the drug by simple washing of the cells results in a rapid resumption of cell growth (Schmidt et al., 1988) . These reversible antiproliferative effects of verapamil make it an ideal compound to study cell cycle related events. Cell growth is controlled by a cascade of events that ultimately leads to DNA synthesis. Briefly, cell proliferation begins when growth factors interact with the cell membrane, sending a signal via inositol phospholipids to increase cytoplasmic ionised calcium by one pathway and to increase cytoplasmic pH by another pathway (Berridge, 1984) . However, stimulation of protein kinase C by phorbol esters (e.g. TPA) directly causes cytoplasmic alkalinisation and in at least some cells this stimulation can by-pass the calcium pathway (Rozengurt & Mendoza, 1985) . Furthermore, the involvement of c-onc genes in cell proliferation has been extensively documented (Kahn & Graf, 1986) .
One of the first genes linked to cell growth was the protooncogene c-myc. C-myc gene expression is known to be linked tightly to cell proliferation, increasing [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] fold in cells treated with some mitogens (Kelly et al., 1983) . The cmyc gene, which is expressed in both malignant and normal cells, encodes a protein that is functionally involved in DNA synthesis (Studzinski et al., 1986 ). This protein is believed to directly regulate the rate at which cells divide (Cole, 1986 Fidler & Kripke (1977) . After injection of 50,000 to 100,000 cells into the tail veins of C57BL/6 mice, the B16 FIO cells form many more pulmonary metastases than the B16 Fl cells within 2-3 weeks. All experiments were performed at least twice.
Radioisotope incorporation Actively growing cells (in the exponential phase) were always used when assessing isotope incorporation, Methyl-3H-thymidine was added to cell cultures at a final concentration of 0.5 MCi ml-1. At timed intervals, cell samples were removed after trypsinisation and added to an equal volume Br. J. Cancer (I 989), 59, [714] [715] [716] [717] [718] of cold 10% trichloroacetic acid. Precipitates were allowed to form for 30min on ice before filtering through Whatman GF/C glass filters mounted in a vacuum manifold. After washing with cold saline solution and ethanol, the filters were dried under a heat lamp, then counted for radioactivity in Ready-Solv-MP (Beckman Instruments) with a scintillation spectrophotometer.
Cell cycle analysis The nuclei isolation medium (NIM) (Thornthwaite et al., 1980) contained per litre: 10mmol phosphate buffer, 146mmol NaCl, 1.Ommol CaCl2, 0.5 mmol MgSO4-7H20, 6.0ml Nonidet NP40 (Sigma) and 700 units RNase (Sigma type lA, boiled for 10min to remove residual DNase activity). The DNA fluorochrome propidium iodide (PI) (Sigma) was dissolved in NIM at a concentration of 50 ug ml-1. Monolayer cells (triplicates) were washed by rinsing with phosphate buffered saline (PBS) before the addition of NIM buffer. The nuclei were kept in NIM buffer for at least 16h and then filtered through a 70pm nylon mesh. Cell cycle analyses on the PI-stained nuclei were performed on a Coulter Electronics Epics V flow cytometer (Coulter Electronics Inc., Hialeah, FL). The instrument was adjusted to achieve coefficients of variation for the nuclei in the range from 3 to 5%. The relative fluorescence intensities of 10,000 PI-stained nuclei were measured and the proportion of nuclei in G1, S and G2-M was calculated using the Para I data analysis program of the Epics flow cytometer.
RNA and DNA isolations and hybridisations For RNA isolation, cells (107) were washed three times in PBS and transferred to polypropylene tubes. The cell pellet was resuspended in 0.5 ml of extraction buffer (250 mM NaCl, 50mM Tris-hydrochloride (pH 7.4), 5mM EDTA, 1% sodium dodecyl sulphate and 1 mg ml-1 of proteinase K (Sigma)). After incubation for 30 min at 37°C the mixture was sonicated for three 5-s bursts to shear DNA, and extracted with a solution containing 0.5 ml of phenol and 0.25 ml of chloroform. The aqueous phase was extracted again with phenol-chloroform (2:1), washed twice with chloroform, and precipitated with ethanol. DNA was extracted by taking up the pellet in 2 M LiCl solution containing 10 mM EDTA. After centrifugation (10,000 r.p.m., 5min) the RNA pellet was suspended in H20. Total RNA was denatured with 6% formaldehyde and 50% formamide, heated 5min to 65°C, size fractionated on a 1% agarose gel containing 2.2 M formaldehyde and blotted onto nitrocellulose or nylon membranes (Hybond, Amersham) according to Thomas (1980) . For DNA preparations, cells were added to extraction buffer, then incubated overnight at 37°C. After phenolchloroform extractions, 10plIml-of RNase solution (100 jpgml-1, DNase free) was added and the mixture was incubated for another 30min. After subsequent ammonium acetate (3M) precipitations to remove protein, the DNA was precipitated with ethanol. Aliquots were incubated with 3 units of restriction enzymes (Bam HI, Xba I, Xho I, Bgl II, Sst I) per ,ug of DNA at 37°C overnight, size separated on agarose gels, and blotted on to nitrocellulose or nylon membranes according to Southern (1975) .
Hybridisations were carried out using a nick translated 32P labelled 1,000 b.p. Pst I fragment obtained from a c-myc cDNA clone (pM c-myc 54) (Stanton et al., 1983) . The membranes were hybridised overnight at 55°C in the presence of 10% dextran sulphate, 50% formamide, 5 x SSC, 5 x Denhardt's solution and 100 pg calf thymus DNA ml-. Three post-hybridisation washes were carried out at 55°C with 0.75M NaCI, 0.15M Tris (pH 8), 10mM EDTA, 25mM NaPO4 (pH 6.8), 0.1% sodiumpyrophosphate, 0.1% SDS for 1 h; 0.15 M NaCl, 30mM Tris, 2mM EDTA, 25mM NaPO4, 1 x Denhardt's solution, 0.1% sodiumpyrophosphate for 1 h; and 50 mM NaCl, 5 mM Tris, 0.4 mM EDTA, 0.1% sodiumpyrophosphate, 0.1% SDS for 1 h, as described by DeLeon et al. (1983) . The washed filters were exposed to Kodak X-Omat X-ray film with intensifying screens for 18-24 h at -70°C. Filters were routinely reprobed for the efficiency of 'Northern' transfer with a probe for 18S rRNA (Bowman et al., 1981 (Table II) . Longer incubation with 1OM verapamil transiently reduces the number of cells entering from G1 into Sphase, the cells already in S-phase continue their cell cycle transit ( Figure 3 , Table I ). Parallel to the induction of synchronised progression through the cycle there is also a concomitant increase in the expression of the c-myc gene (Figure 4, 12h- the DNA histogram (Figure 3 , VP release) (indicating that the cells have released nucleic acids while they deteriorated) and by about 50% lower c-myc mRNA levels (Figure 4) . Apparently, addition of verapamil induces differentiation in these cells. By contrast, cell growth in B10.BR normal melanocytes is blocked rapidly and reversibly by 100l M verapamil as occurs also in other cell lines tested previously (Schmidt et al., 1988) . DNA synthesis is reduced by 76% within 3h of adding 100Mm verapamil (Table II) . The cell cycle phase analyses data (Figure 3 and Table I) show that the cells do not enter into S-phase in the presence of verapamil. Cells already in S-phase, however, proceed through the DNA synthesis phase. Concomitantly, the c-myc signal is decreased (Figure 4) . After the B10.BR cells are washed free of verapamil, they rapidly resume growth as also depicted by the DNA histogram (Figure 3 ) and increased c-myc mRNA levels (Figure 4) . In summary, verapamil has different effects on the two cell lines studied. The B16 melanoma cells seem to be induced to a differentiation pathway, whereas cell growth of the B10.BR melanocytes is blocked rapidly and reversibly. C-myc mRNA levels parallel the distribution of cells in the cell cycle indicating that changes in c-myc gene expression are secondary effects of the calcium channel blocker. sibly by 100 pM verapamil. The results wil parallel our recent findings on a variety of bi lines and normal fibroblasts (Schmidt et contrast to those cells, however, the B10.BR continuously incubated with the mitogen seems that verapamil induces the same re, incubated with and without this mitogen. Ou that verapamil exerts its antiproliferative effe( slightly increased following the induction of differentiation (Curran & Morgan, 1985; Lachman & Skoultchi, 1984) , and myc protein levels can stay unchanged while myc mRNA levels are decreased (Wingrove et al., 1988 (Schmidt et al., 1988) , our data indicate that there is rather no post-transcriptional modulation in the B10.BR cells as there is no superinduction of c-myc mRNA. The B16 cells show a transient decline in the number of cells entering into S-phase and a concomitant synchronised progression of the cells that have been in Sphase through the cell cycle. The transient increase in c-mvc expression in this cell line induced by verapamil appears to -c-myc be a consequence of the distribution of the cells in the mitotic cycle because c-myc is expressed slightly higher in Gl -18S rRNA phase of the cell cycle, particularly after induction of differentiation (Lachman et al., 1985) . , 1986; Bhalla & Sharma, 1986) . In the 24h VP=42%, model of the signalling cascade that leads to DNA synthesis, alkalinisation of the cytoplasm occurs after increases in cytoplasmic calcium concentration (Berridge, 1984) . As we have shown that verapamil seems to exert its effects indepenth this cell line dently of calcium fluxes (Schmidt et al., 1988) 
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